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Studies of the innervation of limb muscles by spinal
motor neurons have helped to define mechanisms
by which axons establish trajectories to their targets.
Related motor axons select dorsal or ventral path-
ways at the base of the limb, raising the question of
how these alternate trajectories are specified. EphA
signaling has been proposed to control the dorsal
trajectory of motor axons in conjunction with other
signaling systems, although the respective contribu-
tions of each system to motor axon guidance are
unclear.We show that the expression of EphB recep-
tors by motor axons, and ephrin-B ligands by limb
mesenchymal cells, directs the ventral trajectory of
motor axons. Our findings reveal symmetry in the
molecular strategies that establish this aspect of
nerve-muscle connectivity. The involvement of
ephrin:Eph signaling in guiding both sets of motor
axons raises the possibility that other signaling
systems function primarily to refine or modulate
a core Eph signaling program.
INTRODUCTION
Limbed animals perform a challenging array of motor tasks—
from stepping programs that drive locomotion to digit move-
ments used in object manipulation. The patterns of nerve-
muscle connectivity that underlie such motor behaviors are
constructed during development, as the axons of spinal motor
neurons navigate through the limb mesenchyme to specific
muscle targets. The precision with which motor neurons inner-
vate limb muscles depends on the ability of motor axons to
respond to guidance cues expressed by the limb mesenchyme
(Ferguson, 1983; Summerbell and Stirling, 1981; Whitelaw andNHollyday, 1983). In the limb, intricate motor axon trajectories
can be deconstructed into a series of sequential pathfinding deci-
sions. The first of these occurs at the proximal boundary of the
limb and requires that axons select a dorsal or ventral pathway
that restricts their potential targets. Decision regions located
more distally within the limb instruct motor axons to select
secondary pathways that bring them near their target muscles
(Landmesser, 1978a; Tosney and Landmesser, 1985a, 1985b).
Deciphering the molecular logic that instructs axonal trajectories
at these decision regions might provide insight into related mech-
anisms active elsewhere in the central nervous system.
Motor neurons that innervate limb muscles are generated at
brachial and lumbar levels of the spinal cord and occupy distinct
medial and lateral divisions of the lateral motor column (LMC).
Lateral LMC neurons project their axons dorsally, whereas medial
LMC axons project ventrally (Lance-Jones and Landmesser,
1981; Landmesser, 1978a, 1978b). The symmetry of these initial
trajectories raises the question of whether a corresponding
molecular symmetry directs these axonal projection patterns.
Support for this view comes from evidence that neurons in
each LMC division are specified by distinct LIM homeodomain
transcription factors. Isl1 defines medial LMC neurons and can
direct their axons ventrally, whereas Lhx1 defines lateral LMC
neurons and directs their axons dorsally (Kania and Jessell,
2003; Kania et al., 2000; Riddle et al., 1995; Tsuchida et al.,
1994; Vogel et al., 1995). There is evidence that Lhx1 promotes
the dorsal trajectory of lateral LMC axons via high-level expres-
sion of EphA receptors that transduce a repellant ephrin-A signal
present in ventral limb mesenchyme (Eberhart et al., 2002;
Helmbacher et al., 2000; Kania and Jessell, 2003).
Nevertheless, the simple view that lateral LMC axons are
guided dorsally by ephrin-A:EphA signaling has been challenged
by studies that implicate other signaling systems in this stage of
motor axon guidance. Questions about the importance of
ephrin-A:EphA signaling arose in studies of different strains
of EphA4 mutant mice, in which the frequency of aberrant ventral
projections of lateral LMC axons is highly variable (Coonan et al.,euron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc. 1039
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quently, reverse signaling from EphA+ mesenchymal cells to eph-
rin-A+ LMC axons was suggested to contribute to motor axon
guidance in the limb (Iwamasa et al., 1999; Marquardt et al.,
2005). In addition, the expression of glial cell line-derived neuro-
trophic factor (GDNF) by limb mesenchymal cells, and signaling
by the axonal c-Ret receptor, guide a subset of lateral LMC axons
into dorsal limb mesenchyme (Kramer et al., 2006). One reason for
uncertainty about the respective contributions of these signaling
systems to the dorsoventral guidance of motor axons in the limb
is the experimental focus on the dorsal trajectory of lateral LMC
axons. Indeed, the only study of mechanisms that direct the axons
of medial LMC neurons into the ventral limb implicated yet another
pathway, Sema3F:Npn-2 signaling, albeit in the context of a small
subset of medial LMC axons (Huber et al., 2005). We therefore set
out to define signaling system(s) that direct the ventral limb trajec-
tory of medial LMC axons, with the intent of clarifying whether the
striking anatomical symmetry in the selection of dorsal and ventral
axonal trajectories has its origins in a coherent molecular program
of axonal guidance.
In this study, we show that ephrin-B:EphB signaling instructs
the axons of medial LMC neurons to project into the ventral
limb mesenchyme. EphB receptors are concentrated on the
axons of medial LMC neurons, and ephrin-B2 is expressed pref-
erentially by cells of the dorsal limb mesenchyme. Genetic anal-
yses of ephrin-B2 and EphB mutant mice and molecular studies
perturbing ephrin-B:EphB signaling in chick embryos reveal that
expression of EphB on the axons of medial LMC neurons trans-
duces a repulsive signal provided by dorsally distributed ephrin-
B ligands. Our findings therefore establish a molecular symmetry
in the dorsoventral guidance of these two sets of LMC axons:
EphB signaling directs medial LMC axons ventrally, and EphA
signaling directs lateral LMC axons dorsally. This mutant anal-
ysis also uncovered an unanticipated difference in the frequency
with which medial LMC axons are mistargeted, suggesting that
an additional function of Eph signaling is to enhance the fidelity
of axon guidance decisions at the base of the limb. The apparent
primacy of ephrin:Eph signaling in determining the dorsoventral
trajectory of LMC axons suggests that the other receptors and
signaling systems implicated in dorsoventral guidance exert
ancillary functions as modulators of motor neuron Eph signaling.
RESULTS
To begin examining whether Eph signaling guides both medial
and lateral LMC axons into the developing limb, we monitored
the expression of ephrin-B and EphB genes by limb mesen-
chyme and LMC neurons. We assessed whether these genes
might encode ligands and receptors that act in forward or
reverse signaling pathways that guide medial LMC axons.
Dorsal Expression of Ephrin-B in the Limb Mesenchyme
We surveyed limb expression of ephrin-Bs in chick and mouse
embryos at the time that medial LMC axons project into the
limb to determine whether their expression is compatible with
a role in forward signaling. We determined the cumulative distri-
bution of ephrin-B proteins (Sephrin-B) using EphB1-Fc and
EphB2-Fc ligand-binding domain fusion reagents (Brambilla1040 Neuron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Incet al., 1995; Gale et al., 1996) and compared their expression
with that of Lmx1b in mouse or Lmx1 in chick, each of which
labels dorsal limb (Cygan et al., 1997; Vogel et al., 1995). In
e11.5 mouse forelimb and hindlimb, Sephrin-B was detected
at a higher level in dorsal than ventral limb (Figures 1A and S1).
Similarly, we observed preferential dorsal localization of Seph-
rin-B in chick forelimb and hindlimb (Figure S1, data not shown).
Sephrin-B was not detected at levels above background in
mouse or chick LMC neurons (data not shown).
To determine which ephrin-B genes account for the elevated
protein levels in dorsal limb, we examined ephrin-B transcripts
in e10.5–e11.5 mouse and Hamburger-Hamilton (HH) stage (st)
24 chick forelimb and hindlimb (Hamburger and Hamilton,
1951). Ephrin-B2 expression was higher in dorsal than ventral
mesenchyme, adjacent to the LMC axon entry point (Figures
1B, 1C, and S1; data not shown). We observed low-to-moderate
ephrin-B1 and ephrin-B3 mRNA in the limb, but expression was
detected in both halves of the limb (Figure S1). These data
suggest that ephrin-B2 contributes most to the dorsal concen-
tration of ephrin-B proteins within the limb.
In mouse and chick spinal cord, ephrin-B1 and ephrin-B3were
expressed by LMC neurons, at low levels. Ephrin-B2 was
expressed by subsets of motor neurons, in a pattern that varied
with axial level, and was not obviously restricted to, or coexten-
sive with, either LMC division (Figure S1).
EphB1 Is Expressed Preferentially
by the Axons of Medial LMC Neurons
We next examined whether LMC neurons or mesenchymal cells
express EphB genes. In the spinal cord, we focused on EphB1,
EphB2, and EphB3 as candidate receptors for mesenchymal
ephrin-B ligands. LMC divisional identities were assessed using
the medial LMC neuron marker Isl1 and the lateral LMC neuron
marker Lhx1. Initially, Isl1+ medial LMC neurons are located later-
ally in the LMC but become displaced medially as the later-born
Lhx1+ lateral LMC neurons migrate past them and settle laterally
(Sockanathan and Jessell, 1998). In mouse and chick LMC
neurons, at hindlimb and forelimb levels, EphB1 and Isl1 expres-
sion overlapped throughout the LMC, indicating thatEphB1 is ex-
pressed by most, and possibly all, medial LMC neurons (Figures
2C–2F, S2, and S3; data not shown). This coincident expression
persisted until at least e11.5, when most LMC axons have entered
the limb mesenchyme (Figures 2G–J and S2). Thus, EphB1 is ex-
pressed by medial LMC neurons as LMC axons select their dorsal
or ventral limb trajectories.EphB2 andEphB3were expressed by
medial and lateral LMC neurons in mouse and chick, although at
levels substantially lower than EphB1 (Figure S2).
To assess the distribution of EphB1 on motor neurons, we
used an antibody that detects chick EphB1 and compared it to
EphA4, which is concentrated on lateral LMC axons (Kania and
Jessell, 2003; Mendes et al., 2006). In HH st 25+ chick embryos,
EphB1 was detected on motor axons, but not on motor neuron
cell bodies (Figures 2K–2M). EphB1 appeared confined to motor
axons, since it was not detected within dorsal root ganglia or on
sensory axons projecting from the ganglia (Figures 2K and 2L).
Moreover, EphB1 was expressed by the ventrally directed motor
nerves that emerge from the crural, sciatic, and forelimb plex-
uses at the base of the limbs. EphB1 immunoreactivity was.
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branches and the limb mesenchyme (Figures 2K–2P and S2;
data not shown). Thus, EphB1 is expressed preferentially on
the axons of medial LMC neurons as they initiate their ventral
trajectory.
Using an ephrin-B2-Fc overlay, we detected more SEphB
protein in ventral than dorsal limb (Figure S2). This bias toward
the ventral limb mirrors that of EphA in the dorsal limb (Kania
and Jessell, 2003) and leaves open the possibility that ventral
EphB protein contributes to LMC axon pathfinding as a reverse
signaling ligand.EphB1mRNA was expressed by the limb mesen-
chyme, at very low to moderate levels in mouse and chick,but with
no obvious dorsoventral bias. EphB2 and EphB3 mRNA was de-
tected at moderate levels in the limb of mouse and chick, again
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Figure 1. PreferentialExpressionofEphrin-B
in Dorsal Limb Mesenchyme
Limb mesenchymal ephrin-B expression was
analyzed by in situ hybridization or EphB1-Fc over-
lay (Sephrin-B), which detects ephrin-B protein
uncomplexed with receptors, and compared to
Lmx1b or Lmx1 expression, which labels dorsal
limb mesenchyme, around the time of motor axon
entry into the limb mesenchyme. Motor axons
enter the mouse forelimb at e10.5 and chick fore-
limb at Hamburger Hamilton stage 24 and enter
the mouse hindlimb at e11.0 and chick hindlimb
at HH st 25 (Hamburger and Hamilton, 1951; Kania
and Jessell, 2003; Landmesser, 1978a).
(A) Lmx1b mRNA and Sephrin-B in e11.5 mouse
hindlimb.
(B)Lmx1b andephrin-B2mRNA ine11.5 mouse hin-
dlimb.
(C)Lmx1and ephrin-B2mRNA inHH st24 chick hin-
dlimb.
(D and E) Neurofilament (NF) protein, Lmx1b mRNA
and ephrin-B2mRNA inBmpr1a+/ and Bmpr1a/
(D) or Lmx1b+/ and Lmx1b/ (E) e11.5 mouse hin-
dlimbs. NF protein and Lmx1b mRNA images were
overlaid.
(A–E) In black and white images, light pixels repre-
sent high signal. Yellow boxes mark the area where
signal intensity was quantified. Box is magnified on
the right in (A)–(C). Each graph represents the mean
signal from sections in three embryos; values are
plotted in arbitrary units (arb U) along the dorsoven-
tral axis. All sections within a panel are adjacent.
Red lines, Lmx1b mRNA signal intensity; green or
black lines, ephrin-B2 mRNA or Sephrin-B signal
intensity; dotted blue lines, the approximate dorso-
ventral boundary extending distally from the point of
axon entry into the limb.
D, dorsal; V, ventral; scale bar: 180 mm (A–C) or 120
mm (D and E).
without apparent dorsoventral restriction
(Figure S2). The difference between EphB
mRNA and SEphB protein distribution
in the limb is similar to EphA mRNA and
SEphA protein distribution (Kania and
Jessell, 2003).
In summary, ephrin-B:EphB ligands and receptors are ex-
pressed in patterns most consistent with their contributing to
a forward signaling system that guides medial LMC axons into
ventral limb mesenchyme. Ephrin-B ligands are enriched in
dorsal limb whereas EphB receptors are enriched in apparently
all medial LMC neurons, when medial LMC axons enter the
limb. In contrast potential reverse signaling ligands and receptors
are expressed at low levels, and/or in restricted cell populations.
Expression of Ephrin-B and EphB Is Regulated
by LIM Homeodomain Transcription Factors
Medial and lateral LMC axonal trajectories are imposed by
distinctions in the dorsoventral identity of the limb mesenchyme
(Kania et al., 2000; Luria and Laufer, 2007). Thus, molecules thatNeuron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc. 1041
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status of the limb mesenchyme. Murine ventral hindlimb mesen-
chyme acquires a dorsal identity if transduction of BMP signals in
ventral hindlimb ectoderm is blocked, as documented for condi-
tional Bmpr1a mutants (Ahn et al., 2001; Luria and Laufer, 2007).
In contrast, dorsal limb mesenchyme acquires a ventral identity
in Lmx1b mutant mice (Chen et al., 1998). In each of these
mutants, medial and lateral LMC axons choose aberrant trajec-
tories, although the motor nerve bifurcation point at the base of
the limb is maintained (Kania et al., 2000; Luria and Laufer, 2007).
In hindlimbs of conditional Bmpr1a mutants, the ephrin-B2
expression domain extended deep into the ventral half of the
limb (Figure 1D). Conversely, in hindlimbs of Lmx1b mutants,
ephrin-B2 in dorsal mesenchyme was reduced to ventral mesen-
chyme expression levels (Figure 1E). These findings indicate that
ephrin-B2 expression is controlled by the system that estab-
lishes dorsal-ventral polarity in the limb, consistent with the
idea that ephrin-B2 is a forward signaling guidance cue that
regulates LMC axonal trajectories.
We also tested if EphB receptor expression in medial LMC
neurons is controlled by LIM homeodomain transcription factors
in a manner complementary to that of EphA in lateral LMC
neurons. We used in ovo electroporation in chick embryos to
express Isl1 in lumbar LMC neurons, before motor axons have
entered the hindlimb, and monitored EphB1 expression. Electro-
poration of Isl1 induced EphB1 expression in laterally positioned
LMC neurons, many of which expressed Lhx1 (Figure S4). As
a consequence, net EphB1 expression within the entire LMC
domain was increased by 45% (Figure S4).
To test whether Isl1 activity is required for high EphB1 expres-
sion by medial LMC axons, we used inhibitory siRNAs targeted
to Isl1 mRNA ([Isl1]siRNA). Electroporation of [Isl1]siRNA
A
C
E
D
F
G
I
H
J
B
M N
O P
K
L
Figure 2. Selective Expression of EphB1 in Medial LMC Axons
EphB1 mRNA and protein expression were compared to LMC columnar division markers or EphA4 protein expression around the time of motor axon entry into
the limb.
(A and B) Schematic of lateral and medial LMC soma locations in the chick ventral spinal cord. (A) At HH st 24, the Lhx1+ cell bodies of lateral LMC neurons are
medial to those of Isl1+ medial LMC neurons. (B) By HH st 25, the Lhx1+ cell bodies have migrated to their final ventrolateral location (Sockanathan and Jessell,
1998).
(C–F) EphB1 (C), Isl1 (D), and Lhx1 mRNA (F) expression in adjacent sections of HH st 24 chick ventral spinal cord. (E) Overlay of images in (C) and (D).
(G–J) EphB1 (G), Isl1 (H), and Lhx1 mRNA (J) expression in adjacent sections of HH st 25 chick ventral spinal cord. (I) Overlay of images in (G) and (H).
(K) Position of images in (L)–(P) within a HH st 25 chick lumbar level section.
(L–P) Coimmunofluorescence comparison of EphB1, EphA4, and neurofilament expression in HH st 25 chick embryos. (L) EphB1 and neurofilament proteins in
motor axons exiting the ventral spinal cord. EphB1 is detected on motor axons, while EphA4 is detected on both motor neuron cell bodies and axons (compare to
Kania and Jessell, 2003).
(M–P) Coimmunofluorescence image of EphB1 (M and P), neurofilament (N), and EphA4 (O and P) proteins on axons entering the limb. EphB1 is concentrated on
ventral, and EphA4 on dorsal, branch axons. We could not examine EphB1 protein expression in mouse LMC neurons because of cross-reactivity with uniden-
tified epitopes (data not shown).
D, dorsal; V, ventral; med, medial LMC; lat, lateral LMC; drg, dorsal root ganglion; SpN, spinal nerve. In mRNA detection images light pixels represent high signal.
Scale bar: 50 mm (C–J), 105 mm (L), or 100 mm (M–P).1042 Neuron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc.
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detectable levels in 75% of electroporated medial LMC neurons
(Figure S5 and Table S1, p < 0.001 versus controls). [Isl1]siRNA
also reduced EphB1 expression by 40% compared to unelec-
troporated, contralateral, motor neurons (Figure S5, p = 0.006).
[Isl1]siRNA did not alter the number of LMC neurons that ex-
pressed the generic motor neuron marker Hb9 or the lateral
LMC neuron marker Lhx1 (Figure S5; data not shown). Ectopic
expression of Lhx1 in medial LMC neurons downregulates Isl1
expression (Kania and Jessell, 2003). Consistent with this result,
overexpression of Lhx1 in LMC neurons reduced EphB1 expres-
sion (Figure S4). Together, these data argue that Isl1 promotes
high level EphB1 expression in medial LMC neurons.
EphB1 Controls the Trajectory of Medial LMC Axons
in Chick
We next asked whether reducing Isl1 influences the trajectory of
LMC axons, and if it does so by decreasing EphB1 expression.
To examine the consequences of reducing Isl1, we introduced
[Isl1]siRNA and a GFP tracer plasmid at HH st 17–19 and exam-
ined GFP+ motor axons in the dorsal and ventral divisional nerve
branches exiting the crural and sciatic plexuses at HH st 25–26
(Figures 3A and 3B) (Kania and Jessell, 2003). In embryos electro-
porated with GFP vector alone, 54% of GFP+ axons were in the
dorsal and 46%in the ventral limbbranch.The ratio of GFP+ axons
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Figure 3. Control of Medial LMC Trajectory
by Isl1 and EphB1
(A) Model depicting control of ventral limb trajec-
tory selection by medial LMC axons.
(B) Neural tube electroporation scheme. Dotted
lines mark region shown in fluorescence images.
(C, D, F, G, I, and J) Neurofilament (NF; [C, F, and I])
and GFP (D, G, and J) protein in the limb mesen-
chyme of HH st 26 embryos electroporated with
GFP alone (C and D), [Isl1]siRNA (F and G) or
[Isl1]siRNA + EphB1::GFP (I and J).
(E, H, and K) Mean axonal GFP levels in dorsal and
ventral limb nerve branches expressed as a
percentage of total limb axonal GFP immunofluo-
rescence (% GFP Fluo). n = 7 embryos in (E), n = 13
in (H), and n = 5 in (K). Probabilities that samples are
not different (two-tailed t test): GFP versus [Isl1]-
siRNA + GFP, p < 0.01; [Isl1]siRNA + EphB1::GFP
versus [Isl1]siRNA + GFP, p < 0.004; [Isl1]siRNA +
EphB1::GFP versus GFP, p = 0.12. v/d ratio:
mean ventral % GFP Fluo/mean dorsal % GFP
Fluo of experimental electroporation, divided by
ventral/dorsal ratio of control GFP electroporation
(46%/54% = 0.85).
d, dorsal; v, ventral; error bars: SEM. Scale bar: 100
mm (C, E, and G).
in the ventral and dorsal nerve branches
(v/d ratio) was determined in control
embryos and assigned, for reference,
a value of 1.0 (Figures 3C–3E and S6 and
Table S1). In embryos electroporated
with [Isl1]siRNA and GFP plasmid, 68%
of GFP+ axons were present in the dorsal
and 32% in the ventral nerve branches (Figures 3F–3H and Table
S1; v/d = 0.5; p < 0.01). Thus, reducing Isl1 expression in LMC
neurons causes a significantly greater fraction of LMC axons to
enter the dorsal divisional branch.
To test whether EphB signaling controls LMC axonal trajectory
downstream of Isl1, we asked whether forced expression of
EphB1 in LMC neurons could rescue the reduction in ventral
axonal projections caused by reducing Isl1 activity. We ex-
pressed an EphB1-GFP fusion protein (EphB1::GFP) in LMC
neurons together with [Isl1]siRNA (Figures 3A–3D). Overexpres-
sion of EphB1::GFP did not affect EphA4 expression in LMC
neurons nor did it change the number of Isl1+ or Lhx1+ LMC
neurons (Figure S7; data not shown). In embryos coelectropo-
rated with EphB1::GFP plasmid and [Isl1]siRNA, 43% of GFP+
axons were in the dorsal and 57% in the ventral nerve branches
(Figures 3I–3K and Table S1; v/d = 1.5; p = 0.004 versus
[Isl1]siRNA and GFP plasmid). Thus, EphB1::GFP can overcome
the impact of reduced Isl1 expression on the dorsoventral trajec-
tory of LMC axons.
To determine if EphB1 expressed in lateral LMC neurons can
redirect axons into the ventral limb, we electroporated
a EphB1::GFP plasmid or control GFP plasmid and assessed
LMC axonal projections. We quantified GFP+ axons that entered
each divisional nerve branch and determined the LIM homeodo-
main protein status of retrogradely labeled motor neuronsNeuron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc. 1043
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(Kania and Jessell, 2003; Luria and Laufer, 2007).
After overexpression of EphB1::GFP in LMC neurons, 56% of
GFP+ LMC axons were found in the dorsal and 44% in the ventral
nerve branches, values not significantly different from controls
(Figures 4A–4F and S8 and Table S1; experimental v/d = 0.9,
control v/d = 1.0, p = 0.68). In embryos electroporated with
EphB1::GFP plasmid, and with tracer injections into the ventral
limb musculature, 3% of HRP+ electroporated LMC neurons ex-
pressed Lhx1, a value not significantly different from controls
(Figures 4M–4U, p = 0.82; data not shown). The small proportion
of Lhx1+ neurons that were labeled retrogradely in control
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Figure 4. EphB1 Is Sufficient to Redirect
the Trajectory of Lateral LMC Axons
The influence of forced EphB1 expression on LMC
axonal trajectories alone or if EphA4 expression
is reduced was analyzed by quantitative GFP fluo-
rescence (A–L) and retrograde labeling (M–CC)
analyses.
(A–L) Detection of NF (A, D, G, and J) and GFP
(B, E, H, and K) expression in the limb nerves of
embryos electroporated with GFP, EphB1::GFP,
[EphA4]siRNA+GFP,or [EphA4]siRNA+EphB1::GFP,
analyzed at HH st 26.
(C, F, I, and L) Measurements of axonal GFP
protein levels in dorsal and ventral limb nerves
(% GFP Fluo). n = 7 embryos in (C), n = 6 in (F),
n = 5 (I), and n = 5 in (L). Probabilities that samples
are not different (two-tailed t test): EphB1::GFP
versus GFP, p = 0.68; [EphA4]siRNA+GFP versus
GFP, p < 0.001; [EphA4]siRNA+EphB1::GFP
versus GFP, p < 106; [EphA4]siRNA+EphB1::GFP
versus [EphA4]siRNA + GFP, p < 0.001. v/d ratio:
see Figure 3 legend.
(M) Diagram showing retrograde labeling from
ventral limb muscles at HH st 28/29 of chick
embryos electroporated with expression plasmids
(green). Square marks spinal cord sections in
(O)–(CC).
(N) Proportion (%) of electroporated motor neurons
labeled with HRP and expressing Lhx1. Probabili-
ties that samples are not different (two-tailed
Fisher’s exact test): [EphA4]siRNA+EphB1 versus
GFP, p << 0.001; [EphA4]siRNA+EphB1 versus
EphB1, p << 0.001; [EphA4]siRNA+EphB1
versus [EphA4]siRNA, p = 0.005; EphB1 versus
GFP, p = 0.82; [EphA4]siRNA versus GFP, p <<
0.001; [EphA4]siRNA versus EphB1, p << 0.001.
More than 100 GFP+ neurons were analyzed in four
or more embryos per experiment. **p < 0.01; ***p <<
0.001; ns, not significant.
(O–CC) Examples of triple immunofluorescence
images from embryos electroporated with GFP
(O–U) or [EphA4]siRNA+EphB1::GFP (V–CC) and
labeled retrogradely with HRP. Merged images (O
and V) and separate HRP (P and S; X and AA),
Lhx1 (Q and T; Y and BB), and GFP (R and U; Z
and CC) channels are shown, including enlarge-
ments (S–U, AA–CC) of the cells marked with
arrowheads.
d, dorsal; v, ventral; % GFP Fluo, % fluorescence in
the GFP channel, lateral LMC is outlined by yellow
dotted line; error bars: SEM. Scale bar: 100 mm
(A, B, D, E, G, H, J, and K); 12 mm (O–R, V–Z); 7
mm (S–U, AA–CC).1044 Neuron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc.
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of axons projects into the inappropriate divisional nerve. EphB1
expression alone is thus insufficient to direct lateral LMC axons
ventrally.
In view of this finding, we considered whether EphA4 present
in lateral LMC neurons might prevent EphB1 from diverting
lateral LMC axons ventrally. To test this, we misexpressed
EphB1 in the presence of inhibitory siRNAs that target EphA4
mRNA ([EphA4]siRNA). We first coelectroporated [EphA4]siRNA
and GFP plasmid in LMC neurons. We detected an 30%
decrease in EphA4 protein levels in LMC axons (Figure S9). In
these embryos, 63% of GFP+ axons were present in the ventral
limb nerve (Figures 4G–3I and Table S1; control v/d = 1.0,
experimental v/d = 1.9, p < 0.001). Thus, as in mouse, reduction
in EphA4 alone redirects chick LMC axons into the ventral
limb mesenchyme. Nevertheless, after coelectroporation of
[EphA4]siRNA and EphB1::GFP, an even greater fraction (85%)
of GFP+ axons were found in the ventral limb nerve (Figures
4J–4L and Table S1; v/d = 6.8; p < 0.001 versus [EphA4]siRNA
plus GFP). Together these findings indicate that increasing
EphB1 levels promotes the selection of ventral trajectories by
LMC axons in both lumbar plexuses, but only under conditions
of low EphA4 expression.
We next used retrograde labeling to determine, more
precisely, the fraction of motor axons entering the ventral limb
that derive from lateral LMC neurons. Following coelectropora-
tion of [EphA4]siRNA and GFP plasmid, and ventral limb tracer
injection, more than four times as many electroporated axons
were found to project into ventral limb, when compared with
control embryos electroporated with GFP plasmid alone
(Figure 4N, data not shown; 13% of HRP+ GFP+ neurons were
Lhx1+ in [EphA4]siRNA and GFP embryos versus 3% in controls;
p << 0.001). This value increased significantly to almost seven
times as many following coelectroporation of [EphA4]siRNA
and EphB1::GFP plasmid (Figures 4N and 4V–4CC and Table
S1; 20% of HRP+ GFP+ neurons were Lhx1+; p = 0.005 versus
[EphA4]siRNA plus GFP). Thus, concomitant elevation of EphB1
levels and reduction of EphA4 levels in lateral LMC neurons
directs a significantly larger proportion of lateral LMC axons
into the ventral divisional nerve than does reducing EphA4 alone.
This result supports the idea that axonal EphB1 acts as a forward
signaling receptor for ephrin-B ligand in the limb.
Medial LMC Axons Are Guided into the Ventral Limb
Mesenchyme by Ephrin-B2
We next asked if removing ephrin-B2 causes medial LMC axons
to enter the dorsal limb. To assess this we used a conditional
ephrin-B2 loss of function allele (Cowan et al., 2004; Dravis
et al., 2004). To remove ephrin-B2 selectively from the limb we
generated a Tbx4cre allele that directs Cre recombinase expres-
sion to hindlimb mesenchymal cells (Figure S10). We found that
the specification of motor neurons and the initial phases of motor
axon extension occurred normally in Tbx4cre/+; ephrin-B2–/–
(ephrin-B2 mutant) embryos (Figure S11; data not shown), which
permitted us to examine LMC axonal trajectories upon axonal
entry into the limb.
To determine whether the trajectory of LMC axons was
altered, we injected tracer into the dorsal or ventral limb muscu-Nlature of e13.5 embryos and assessed the proportion of retro-
gradely labeled LMC motor neurons that expressed Isl1 or Lhx1.
In ephrin-B2mutant embryos, 27% of dorsal tracer-labeled LMC
neurons expressed Isl1, compared to 8% in control ephrin-B2+/+
embryos (Figures 5K–5T and Table S2; p << 0.001). In ephrin-B2
mutant embryos, 10% of ventral tracer-labeled LMC neurons ex-
pressed Lhx1, a value similar to the 9% labeled in control ephrin-
B2+/+ embryos (Figures 5A–5J and Table S2; p = 0.68). Thus, the
loss of ephrin-B2 expression in the limb mesenchyme redirects,
selectively, the axons of medial LMC neurons from ventral to
dorsal limb mesenchyme, indicating that mesenchymal ephrin-
B2 normally directs the ventral trajectory of medial LMC axons.
Conversely, we examined whether expression of ephrin-B2 in
ventral limb mesenchyme is sufficient to redirect medial LMC
axons dorsally. We used in ovo electroporation to introduce eph-
rin-B2 or control plasmids into HH st 18–19 chick hindlimbs, at
the onset of limb outgrowth, and analyzed motor axon trajecto-
ries at HH st 26 (Figure 6A). We used EphB1 protein rather
than GFP expression to mark medial LMC axons, as the spinal
cords in these embryos were not electroporated with the GFP
plasmid. To assess ectopic Sephrin-B expression we used an
EphB1-Fc overlay (Figure S12).
Expression of ephrin-B2 generated clusters of Sephrin-B+
cells within the ventral limb mesenchyme (Figure S12). In limbs
that expressed ephrin-B2 in the ventral mesenchyme, EphB1
immunoreactivity present in the dorsal limb nerve was more
than 2-fold greater than in controls, implying that a significantly
larger number of medial LMC axons projected dorsally (Figures
6C, 6D, 6H–6L, and S13; p = 0.002). In addition we observed
that following ephrin-B2 electroporation the ventral nerve branch
did not extend as far distally as in control embryos (Figures 6F,
6K, S12, and S13; the ventral branch was 27% shorter, p <
0.05), suggesting that extension of the axons that expressed
EphB1 was arrested prematurely by ephrin-B2 in the ventral
mesenchyme. Electroporation of ephrin-B2 plasmid did not alter
Lmx1 expression, or the projection of EphA4 immunoreactive
lateral LMC axons (Figure 6B; data not shown). Our data are
consistent with the idea that ectopic ephrin-B2 expressed by
ventral limb mesenchymal cells provides a repulsive forward
signaling ligand for EphB1+ medial LMC axons, directing them
into the dorsal divisional branch. Whether ephrin-B2 acts as
a surface-bound or diffusible ligand remains to be determined.
EphB Signaling Directs the Ventral Trajectory
of Medial LMC Axons in Mouse
To determine if EphB receptors are required to direct LMC axons
ventrally we analyzed the trajectories of LMC axons in mice
mutant for the EphB1, EphB2, and EphB3 genes (EphB triple-
mutant embryos) (Henkemeyer et al., 1996; Orioli et al., 1996;
Williams et al., 2003). Motor neuron generation appeared normal
in EphB triple-mutant embryos, and neurons segregated appro-
priately into medial and lateral LMC divisions by e11.5 (Fig-
ure S14). Motor axons projected to the base of the limb, and
the nerve trunk bifurcated into two nerve branches that entered
the limb normally (Figure S14; data not shown).
We used retrograde labeling from the hindlimb musculature to
compare the divisional origin of LMC axons in EphB triple-
mutant and wild-type embryos. After tracer injection into theeuron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc. 1045
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Figure 5. The Ephrin-B2 Ligand Is Required for the Fidelity of Medial LMC Axon Trajectories
ephrin-B2+/+ or conditional Tbx4cre/+;ephrin-B2–/– (ephrin-B2 mutant) e13.5 mouse ventral or dorsal hindlimb shank musculature was injected with a retrograde
tracer, and labeled LMC neurons were identified in the ventral spinal cord.
(A–J) Ventral labeling experiment. (A) Labeling scheme. (B) Proportions (%) of tracer-labeled, Lhx1-expressing motor neurons. n = 6 ephrin-B2+/+ and n = 3 ephrin-
B2 mutant embryos. (C–J) Examples of triply coimmunostained images from ephrin-B2+/+ (C–F) and ephrin-B2 mutant (G–J) sections. Merged Lhx1, Isl1, tracer
images (C and G), and Lhx1, tracer (D and H) or Isl1, tracer (E and I) comparisons. Tracer-labeled medial LMC neurons (blue arrowheads) are marked and enlarged
(F and J) in composite (1) and single Isl1 (2), Lhx1 (3), and tracer (4) channels.
(K–T) Dorsal labeling experiment. (K) Labeling scheme. (L) Proportions (%) of tracer-labeled, Isl1-expressing motor neurons. n = 7 ephrin-B2+/+ and n = 3 ephrin-
B2 mutant embryos. (M–T) Examples of triply immunostained images from ephrin-B2+/+ (M–P) and ephrin-B2 mutant (Q–T) sections. Merged Lhx1, Isl1, tracer
images (M and Q), and Lhx1, tracer (N and R) or Isl1, tracer (O and S) comparisons. Tracer-labeled lateral LMC neurons (blue arrowheads) or medial LMC neurons
(yellow arrowheads) are marked and enlarged (P and T) in composite (1) and single Isl1 (2), Lhx1 (3), and tracer (4) channels.
d, dorsal; v, ventral; M, medial LMC; L, lateral LMC; ns, not significant; ***p << 0.001 (two-tailed Fisher’s exact test); error bars: SEM. Scale bar: 20 mm, except
7 mm in (F), (J), (P), and (T).dorsal limb of e13.5 EphB triple mutants, 59% of retrogradely
labeled motor neurons expressed the medial LMC marker Isl1,
compared with 6% in control embryos (Figures 7J–7R, and 7T
and Table S2; p << 0.001). In contrast, after tracer injection
into ventral limb, the number of retrogradely labeled Lhx1+
LMC neurons was no greater in EphB triple-mutant (6%) than
in wild-type (7%) embryos (Figures 7A–I, and 7S and Table S2;
p = 0.67). Thus, loss of all three EphB proteins causes many
medial LMC axons to embark on an aberrant dorsal trajectory
within the limb, whereas lateral LMC axons continue to project1046 Neuron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Incinto dorsal limb. These findings establish that EphB signaling is
required to specify the ventral trajectory of medial LMC axons.
We next assessed the contributions of the three EphB recep-
tors to the ventral trajectory of medial LMC axons. We monitored
the projection of LMC axons by retrogradely labeling hindlimb
motor neurons in EphB1/ single mutants, EphB1/;
EphB3/ double mutants, and in embryos of compound EphB
genotypes (EphB1+/ and EphB1/; EphB2+/; EphB3/).
After tracer injection into the dorsal limb of EphB1/ embryos,
21% of tracer-labeled LMC neurons expressed Isl1, compared.
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Figure 6. Control of LMC Trajectory by Ephrin-B2
Ephrin-B2 and GFP expression constructs were electroporated into chick hindlimb mesenchyme at HH st 18/19 and LMC axonal trajectories analyzed at HH st
25/26.
(A) Experimental scheme.
(B) Detection of Lmx1 protein in chick hindlimb overexpressing ephrin-B2 and GFP. Arrow points to the approximate dorsoventral bifurcation point of limb nerves.
(C–F) Section of chick limb mesenchyme triply immunostained and showing merged (C) or single-channel images of EphB1 (D), GFP (E), and neurofilament (F)
proteins following electroporation with a GFP expression plasmid.
(H–K) Images as in (C)–(F) following coelectroporation with GFP and ephrin-B2 expression plasmids. Some EphB1 signal in both control and experimental dorsal
divisional branch and limb mesenchyme likely reflects nonspecific binding by the EphB1 antiserum. EphB1 expression levels in LMC neurons were unchanged
(see Figure S11; data not shown).
(G and L) Quantification of axonal EphB1 protein levels in dorsal (arrows in [D] and [I]) and ventral limb mesenchyme (% GFP Fluo). Probability that GFP versus
ephrin-B2 + GFP electroporation is not different (two-tailed t test): p = 0.002.
d, dorsal; v, ventral; arrowheads (F and K), ventral nerve branch; % Fluo EphB1, % fluorescence in the EphB1 channel; error bars: SEM. Scale bar: 200 mm (B) or
50 mm (C–F and H–K).to 5% in EphB1+/ embryos, and 6% in wild-type embryos (Fig-
ures 7J–7N, 7T, and S15J–S15R and Table S2; p << 0.001,
EphB1/ versus EphB1+/ or wild-type). In EphB1/;
EphB3/ mutants, 55% of tracer-labeled LMC neurons ex-
pressed Isl1, and in EphB1/; EphB2+/; EphB3/ mutants
48% of tracer-labeled LMC neurons expressed Isl1. These
values are similar to those in EphB triple mutants and signifi-
cantly different from wild-type controls (Figures 7J–7R, 7T, and
S13BB–S13JJ and Table S2; p << 0.001 versus wild-type for
each genotype).
In each EphB mutant background, after tracer injection into the
ventral limb a relatively constant fraction of labeled motor neurons
expressedLhx1 (EphB1/;EphB3/: 10%;EphB1/;EphB2+/;
EphB3/: 8%). The difference between EphB1/; EphB2+/;
EphB3/ or EphB1/; EphB2/; EphB3/ embryos and
wild-type embryos (7%) is not statistically significant, although
the small difference between EphB1/; EphB3/ and wild-
type embryos is significant (Figures 7A–7I, 7S, S15A–S15I, and
S15T–S15AA and Table S2; p > 0.45 versus p = 0.05). TogetherNthese findings provide evidence thatEphB1 andEphB3 are major
contributors to the ventral trajectory of LMC axons within the
developing limb.
EphB Signaling Suppresses Noise in the Selection
of Motor Axon Trajectories
In addition to the pronounced dorsal axonal projection defects
observed in ephrin-B:EphB signaling mutants, we noted the
expressivity of this phenotype was highly variable in certain
EphB mutant genotypes. Most strikingly, the proportion of inap-
propriate medial LMC axonal projections into the dorsal nerve
branch in individual EphB triple mutant embryos ranged widely,
from 25% to 80% (Figure 7V).
We further compared within genotypes the nerve branch
compositions for each embryo. There was a wide range of
proportions in the dorsal nerve branch in embryos that carried
more than one mutant EphB gene, as well as EphB1 single-
mutant embryos (Figure 7V). In contrast neither ephrin-B2
mutant nor wild-type embryos had a broad range of dorsaleuron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc. 1047
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EphB Signaling in Spinal Motor Axon Guidancebranch compositions. Furthermore, ventral nerve branch
composition did not vary between embryos of any genotype
(Figure 7U). Statistical analyses revealed that the dorsal nerve
branch composition of 7 of 18 embryos that carried more than
one mutant EphB gene, and 1 of 8 EphB1 mutant embryos devi-
ated significantly from the mean (Figures 7U, 7V, and S16; p <
0.01 versus the genotypic mean for each embryo). These obser-
vations reveal that ongoing EphB receptor signaling decreases
variability in the dorsoventral pathfinding choices of motor axons
as they first enter the limb mesenchyme.
DISCUSSION
As motor axons enter the developing vertebrate limb they select
a dorsal or ventral trajectory and begin establishing precise
patterns of nerve-muscle connectivity. This seemingly simple
pathway choice appears to be regulated by a dauntingly diverse
set of guidance cues, raising the question of whether any
common molecular program regulates this early aspect of motor
neuron connectivity. Our findings show that the axons of medial
LMC neurons are directed into ventral limb mesenchyme by a re-
pellant signaling system that involves mesenchymal ephrin-B
ligands and axonal EphB receptors. These data, together with
previous findings on the role of EphA signaling in motor axon
guidance, reveal that the two major ephrin:Eph signaling systems
establish the mirror-reflective pattern of motor axonal projections
along the dorsal-ventral axis of the limb. The conserved deploy-
ment of Eph signaling suggests that other guidance systems
implicated as regulators of this aspect of LMC axonal trajectory
serve as modulators of a core Eph signaling program.
Eph Signaling Mediates Motor Axon Guidance along
the Dorsoventral Axis of the Limb
Our molecular and genetic findings provide strong evidence that
the ventral guidance of medial LMC axons depends on a forward
ephrin-B signaling pathway. When LMC neurons select their
dorsoventral limb trajectory, ephrin-B proteins are enriched in
dorsal hindlimb and forelimb mesenchyme, whereas EphBNeproteins are preferentially expressed by medial LMC neurons
and their axons, at lumbar and cervical levels of the spinal cord.
We find that gain and loss of function experiments designed to
alter the expression of ephrin-Bs in the limb and EphBs in motor
neurons results in selective and predictable changes in the
dorsoventral trajectory of medial LMC axons. Two sets of exper-
iments, in particular, argue that forward ephrin-B:EphB signaling
plays a major role. First, manipulating ephrin-B2 solely in the limb
mesenchyme redirects many medial LMC axons dorsally.
Second, manipulating EphB1 solely in LMC neurons in several
experimental contexts is sufficient to redirect many LMC axons
into the ventral limb. Although in some contexts, ephrins can
function as attractants for motor axons (Eberhart et al., 2004),
additional evidence that this forward EphB signaling pathway
transduces a repellant signal comes from studies showing that
EphB+ motor axons in vitro are repelled by a focal source of eph-
rin-B proteins (Wang and Anderson, 1997). Nevertheless, reverse
EphB:ephrin-B signaling might work together with forward eph-
rin-B:EphB signaling to guide medial LMC axons ventrally.
Forward ephrin-A:EphA signaling has previously been impli-
cated in assigning the dorsal trajectory of lateral LMC axons.
Manipulation of EphA4 expression in LMC neurons redirects
LMC axons along the dorsoventral axis of the limb mesenchyme,
while the contribution of limb mesenchymal ephrin-A to lateral
LMC axon guidance has yet to be established (Eberhart et al.,
2002; Helmbacher et al., 2000; Kania and Jessell, 2003). Our
findings that EphB signaling directs the ventral trajectory of
medial LMC axons complement these studies, and through
manipulation of both neuronal and mesenchymal signaling
components, provide a more complete case for the primacy of
EphB signaling in the ventral guidance of motor axons in the
developing limb. The evidence for forward Eph signaling in the
guidance of both medial and lateral LMC axons argues for
a conserved molecular logic in this early stage of motor axon
guidance. This idea is supported by the symmetry in the tran-
scriptional control of Eph expression in LMC neurons. The LIM
homeodomain transcription factor Isl1 promotes a high level of
EphB expression in medial LMC neurons, complementing theFigure 7. EphB Receptors Are Required for the Fidelity of Medial LMC Axon Trajectories
Wild-type and EphB1/; EphB2/; EphB3/ (triple mutant) e13.5 mouse ventral or dorsal hindlimb shank musculature was injected with a retrograde tracer,
and labeled LMC neurons were identified in the spinal cord.
(A–I) Ventral labeling experiment. (A) Labeling scheme. (B–I) Examples of triple-immunostained images from wild-type (B–E) and triple-mutant (F–I) sections.
Merged Lhx1, Isl1, tracer images (B and F), and Isl1, tracer (C and G) or Lhx1, tracer (D and H) comparisons are shown. Ventrally projecting medial LMC neurons
(blue arrowheads) are marked and enlarged (E and I) in composite (1) and single Isl1 (2), Lhx1 (3), and tracer (4) channels.
(J–R) Dorsal labeling experiment. (J) Labeling scheme. (K–R) Examples of triple-immunostained images from wild-type (K–N) and triple-mutant (O–R) sections
shown as described for (B)–(I). Dorsally projecting lateral LMC neurons (blue arrowheads) or medial LMC neurons (yellow arrowheads) are marked.
d, dorsal; v, ventral; M, medial LMC; L, lateral LMC; additional EphB genotypes are shown in Figure S15. Scale bar: 20 mm, except 7 mm in (F), (J), (P), and (T).
(S) Proportions (%) of tracer-labeled, Lhx1-expressing LMC motor neurons are indicated. n = 4 wild-type, n = 7 EphB1+/, n = 4 EphB1/, n = 3 EphB1/;
EphB3/, n = 5 EphB1/; EphB2-/+; EphB3/ and n = 6 triple-mutant embryos.
(T) Proportions (%) of tracer-labeled Isl1-expressing LMC motor neurons are indicated. n = 5 wild-type, n = 7 EphB1+/, n = 8 EphB1/, n = 3 EphB1/;
EphB3/, n = 7 EphB1/; EphB2-/+; EphB3/ and n = 7 triple-mutant embryos.
p values in (S) and (T) using two-tailed Fisher’s exact test, see Table S2 for additional details.
(U and V) Quantification of embryo-to-embryo variability in motor axon projections to the ventral limb (U) or dorsal limb (V) for EphB and ephrin-B2 mutants. For
each embryo, the mean LMC divisional composition of each nerve branch (± the binomial 99% confidence interval [CI]) was compared to the mean composition
(±99% CI) of the pooled data for the genotype. Open blue circles represent embryos that fall within the expected range for the genotype, while solid black circles
represent those outside the expected range (p < 0.01). Red bars: genotypic means. While the expected range increases as the mean approaches 0.5, projections
to the dorsal limb of many embryos that carry mutations in multiple EphB genes fall beyond these ranges (V), and thus display unexpected phenotypic variability.
See Figure S16 for additional details.
d, dorsal; v, ventral; M, medial LMC; L, lateral LMC; con, control; error bars: SEM. Scale bar: 20 mm, except 7 mm in (E), (I), (N), and (R).uron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc. 1049
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EphB Signaling in Spinal Motor Axon GuidanceFigure 8. Ephrin:Eph Signaling as a General
Effector of LMC Trajectory Selection
Eph signaling acts in the selection of the dorsal or
ventral limb trajectory by all LMC axons at limb
plexuses. Dorsal limb mesenchyme ephrin-B
ligands signal via EphB receptors expressed on
medial LMC axons and direct them into the ventral
limb. Ventral limb mesenchyme ephrin-A ligands
signal via EphA receptors expressed on lateral
LMC axons and guide them into the dorsal limb.
Repulsive or attractive accessory systems act in
subpopulations of LMC axons to complement or
enhance Eph signaling. For example, at plexus
(1), a repulsive ligand (blue squares) present in the
dorsal limb might signal through its receptor
expressed in a subpopulation of medial LMC
axons. At plexus (2), an attractive ligand (black
triangles) present in the dorsal limb might signal
through its receptor expressed in a subpopulation
of lateral LMC axons. See text.role of Lhx1 in directing EphA4 expression in lateral LMC
neurons. Similarly, the LIM homeodomain protein Lmx1b estab-
lishes the differential dorsoventral expression of ephrin-A and
ephrin-B proteins in the limb.
The reliance of medial and lateral LMC axons on mesenchymal
ephrin-B and ephrin-A guidance cues for precise trajectory selec-
tion requires that the distribution of these cues is also tightly
controlled. Recent data suggest that during early limb develop-
ment, cells in the dorsal and ventral halves of the limb mesen-
chyme segregate into distinct dorsal and ventral compartments
that are closely correlated with Lmx1b expression status (Arques
et al., 2007; Pearse et al., 2007). The mechanism mediating this
segregation is not understood. However the complementarity of
Eph expression—EphA and ephrin-B in dorsal mesenchyme
and EphB and ephrin-A in ventral mesenchyme—provides the
potential for reciprocal repulsive interactions between dorsal
and ventral cells, while permitting like cells to co-mingle, perhaps
analogous to the repulsive ephrin:Eph mediated sorting in the
developing hindbrain (Xu et al., 1999). The use of similar mecha-
nisms for controlling LMC axon guidance and dorsoventral cell
sorting wouldprovidea strong functionalconstraint forconserving
ephrin:Eph activities in medial and lateral LMC neurons.
Does the apparent symmetry in ephrin control of motor axon
trajectory imply that both ephrin signaling systems exert an equiv-
alent influence on motor axons? Our data suggest not, as they
reveal that the relative strength of EphA signaling in LMC axons
is greater than that of EphB signaling, and this imbalance might
contribute to the selection of LMC axonal trajectories. We find
that ectopic EphB1 in lateral LMC neurons redirects axons into
the ventral limb only if EphA4 levels in lateral LMC neurons are
reduced. By contrast, ectopic EphA4 in medial LMC neurons is
highly effective in redirecting axons dorsally (Kania and Jessell,
2003). A dominant influence of EphA signaling could explain
why lateral LMC axons project dorsally even though they express
EphB proteins (Figures 2 and S2). Furthermore, EphB expression
by lateral LMC neurons might explain why, in some genetic back-
grounds, loss of EphA4 function causes most lateral LMC axons
to project into the ventral limb (Helmbacher et al., 2000). In this1050 Neuron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Incmutant condition, EphB3 protein expression by lateral LMC axons
might transduce a repellant signal in response to ephrin-B2
proteins present in the dorsal limb. The basis for the different
strengths of these two Eph signaling systems is unclear, but might
reflect competition for downstream adaptor proteins used in both
signaling pathways (Arvanitis and Davy, 2008; Kullander and
Klein, 2002). a2-chimaerin can transduce signals from both
EphA and EphB receptors (Beg et al., 2007; Shi et al., 2007; Weg-
meyer et al., 2007) and is expressed in LMC neurons (T.-J. Kao
and A.K., unpublished data). A higher affinity of EphA receptors
for a2-chimaerin, or higher EphA protein levels, might underlie
the dominance of EphA signaling in LMC neurons that coexpress
EphA and EphB proteins.
Primacy of Eph Signaling in the Guidance of LMC Axons
Eph receptors are expressed by most, if not all, LMC motor
neurons, which is consistent with functional data that demon-
strate the importance of Eph signaling for the guidance of LMC
axons. How can the emergence of Eph signaling as a pervasive
regulator of the dorsoventral trajectory of LMC axons be recon-
ciled with previous studies that implicate GDNF:c-Ret and sema-
phorin:Npn signaling in the control of this trajectory? In contrast
to the Eph systems, c-Ret expression appears to be restricted
to a subset of lateral LMC axons (Kramer et al., 2006), and Npn-
2 expression to a subset of medial LMC neurons (Huber et al.,
2005). Consistent with these profiles, GDNF:c-Ret signaling
appears to be required for the dorsal targeting of only a subset
of lateral LMC axons (Kramer et al., 2006), and Npn-2:Sema3F
for the ventral targeting of only a subset of medial axons (Huber
et al., 2005). These observations suggest that Eph signaling
serves an obligate role in the dorsoventral guidance of most,
and probably all, LMC axons in the limb. If this is the case, then
the primary function of c-Ret, Npn-2, and other relevant signaling
pathways may be to modulate the intensity of Eph signaling so as
to ensure the fidelity of the initial dorsoventral trajectory of
specific subsets of LMC axons. By inference, it seems likely
that different subsets of motor neurons within the LMC rely on
distinct modifiers of Eph signaling (Figure 8). Collaboration.
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through parallel transduction pathways, or by the physical asso-
ciation of Eph and accessory receptors and the activation of
a single transduction pathway. This view argues for a pervasive
role for Eph signaling in all LMC axons, with several different
accessory systems exerting essential functions, albeit in specific
and distinct subsets of motor axons.
In this study we focused on the binary dorsoventral choice of
motor axons within the limb mesenchyme, but in reality the
axons of LMC neurons choose between three trajectories at
the base of the limb. All lateral LMC axons project into dorsal
hindlimb mesenchyme, but medial LMC axons can project either
into ventral hindlimb mesenchyme or into ventral flank, to inner-
vate muscles outside the limb (Luria and Laufer, 2007). The
discovery that medial LMC neurons that project into ventral
limb or flank both express EphB receptors raises the question
of how they choose between these two ventral pathways. One
possibility is that distinct EphB modifiers account for their differ-
ential trajectory preference. Alternatively, axons that normally
project to the ventral flank might express a higher level of
EphB receptor than those projecting to the ventral limb, such
that they are sensitive to the repellant effects of the low level of
ephrin-B expressed in ventral limb mesenchyme. Interestingly,
BmprIa mutant limbs have high ephrin-B2 levels in both dorsal
and ventral limb, and all hindlimb medial LMC axons in this
mutant are redirected into the flank (Luria and Laufer, 2007),
two observations consistent with the latter model. Conversely
in Lmx1b mutant embryos, which have uniformly low ephrin-B2
expression in the limb, medial LMC axons choose either limb
trajectory apparently randomly (Kania et al., 2000). The motor
neurons that innervate the flank in this mutant have not yet
been defined.
The coordinated activities of EphA and EphB signaling also
contribute to the dorsoventral and mediolateral topography of
retinal ganglion axonal projections (Hindges et al., 2002; Mann
et al., 2002; Nakamoto et al., 1996; Williams et al., 2003). How
do these functions compare to those of EphA and EphB signaling
during the establishment of the trajectories of two related
classes of motor axons? While similarities exist, there are three
notable differences in the strategies of Eph deployment in these
two neural systems. First, Eph gene expression is graded in the
retinotectal system but is distributed in a step function in the
motor system. Second, the two Eph systems map orthogonal
axes in the retinotectal system, whereas they map opposite
directions along the same axis in the motor system. Finally,
EphA and EphB genes control the projections of the same cells
in the retinotectal system, but distinct cell groups in the motor
system (Hindges et al., 2002; Luo and Flanagan, 2007; Mann
et al., 2002; Nakamoto et al., 1996). Presumably the intracellular
transduction pathways used in motor neurons and RGCs differ
sufficiently to allow either independent or convergent growth
cone modulation.
Inordinate Variability of Axonal Projection Errors
in EphB Mutants
In ephrin-B and EphBmutant backgrounds there are marked and
consistent errors in the selection of dorsoventral axonal trajec-
tory. Although always present, the incidence of projection errorsNvaries considerably between embryos. One explanation for the
dramatic inter-embryo variability in LMC divisional branch
composition observed in mice carrying multiple mutant EphB
genes is altered axon-axon interactions at the base of the limb.
The growth cones of individual axons are thought normally to
be guided independently by local cues in limb mesenchymal
decision regions (Tosney and Landmesser, 1985b). However
removing EphB receptors leads to a greater propensity for motor
axons to project as a coherent population, either dorsally or
ventrally.
Communal motor axon behavior might reflect the loss of repul-
sive signaling between motor axons at or near the growth cone.
As low-level ephrin-B is present in all LMC neurons, in medial
LMC neurons the repulsive signal might be mediated by inter-
axonal ephrin-B:EphB signaling. In wild-type conditions, inter-
axonal repulsion will ensure that single axons at the base of
the limb are free to make individual, noncooperative choices as
they first encounter mesenchymal ephrins. When the EphB
system is removed, however, adhesive interactions between
axons will become stronger, and thus axons selecting dorsal or
ventral trajectories will tend to behave en masse, leading to the
observed increase in inter-embryo variability in pathway selec-
tion. The coordinated axonal projections might arise from late
arriving axons following the trajectory of earlier pioneers, or
from the population behavior of axons selecting a path at a single
moment in time.
Alternatively, axons might always integrate multiple, indepen-
dently acting cues of differing strengths at the base of the limb.
Combined with inherent inter-embryonic variation in both ligand
and receptor expression (Raser and O’Shea, 2005), these events
could produce the large and variable projection errors found in
some mutants. For strong cues, variations in expression levels
would be small relative to signal strength, while for weak cues,
the variation would be proportionately larger. In wild-type
embryos, where strong cues are present, the combined activity
of all cues would be much larger than their combined variability,
and the strong cues would dominate to precisely direct the
trajectory. In mutants that remove the strongest cues, such as
compound EphB mutants or EphA4 mutants (Helmbacher
et al., 2000), only the weak cues would remain, and the variability
in their expression could become dominant, leading to large vari-
ations between embryos in the composition of each LMC nerve
branch.
Regardless of the mechanism, our findings reveal that Eph
signaling also suppresses variability in the population behavior
of LMC axons, and thereby increases axonal projection fidelity.
There is no obvious reason why this additional function of Eph
signaling should be restricted to the base of the limb, and thus
future studies on Eph control at other axonal choice points
should take this into account.
EXPERIMENTAL PROCEDURES
Chick and Mouse Embryo Preparations
Fertile chick eggs (Charles River and Couvoir Simetin) were incubated and
staged according to standard protocols (Hamburger and Hamilton, 1951).
Mouse genotypes were determined by PCR (Ahn et al., 2001; Chen et al.,
1998; Henkemeyer et al., 1996; Orioli et al., 1996; Srinivas et al., 2001; Williams
et al., 2003).euron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc. 1051
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Chick spinal cord electroporation was performed (Kania and Jessell, 2003)
using a BTX or TSS20 Ovodyne square pulse generator. Chicken EphB1
(GB: Z19110) was cloned by RT-PCR (Invitrogen) and fused in frame to c-ter-
minal GFP in pN2-eGFP (Invitrogen). Similar c-terminal fusions of an epitope
tag to EphB1 retain both kinase and cellular activities (Stein et al., 1998). siRNA
duplex oligonucleotides, 30TT overhang, (0.5–1.0 mM; Invitrogen or Dharma-
con) were purified over Sephadex G-25 in 10 mM Tris-HCl (pH 7.5), 1 mM
EDTA, 20 mM NaCl. Plasmid (0.5–1.0 mg/ml final) was added to the siRNA.
siRNA sequences (sense strand) were [EphA4]siRNA, 1:1:1 mixture of CU
GUUCGUGUCUUCUAUAA, AAAUCUGUGUGGCUAUCAA and GGAAGGC
GUUGUUACUAAA; [Isl1]siRNA, 1:1 mixture of AAGUCGUUCUUGCUGAAGC
and GGGUCAUCAGGGUUUGGUU.
Chick limbs were electroporated at HH st 18/19, by injecting 10 mg/ml DNA
into the limb bud, positioning the electrodes as shown in Figure 6A, and
applying five 50 ms, 20 V pulses at 1 s intervals with a TSS20 Ovodyne square
pulse generator. ephrin-B2 cDNA (NM_010111) was expressed from the
pCAGGS/SE plasmid.
Immunostaining and In Situ mRNA Detection
Immunofluorescence staining and in situ mRNA detection were as described
(Kania and Jessell, 2003; Schaeren-Wiemers and Gerfin-Moser, 1993). In
situ mRNA detection probes were isolated by RT-PCR and cloned into expres-
sion plasmids containing RNA polymerase SP6, T3, or T7 promoters.
Sequence details are available upon request. EphB1-Fc and ephrin-B2-Fc
reagents were used in tissue overlays (Cheng and Flanagan, 1994) and
detected using alkaline phosphatase-conjugated anti-human antibodies.
See Table S3 for antibodies and Fc reagents.
Image Quantification
Images were acquired using a Zeiss LSM confocal microscope or a Leica
DM6000 microscope with Volocity (Improvision) software. GFP-labeled axonal
projections, mRNA expression, EphA4 and ephrin-B protein distribution quan-
tification was as described (Kania and Jessell, 2003; Kania et al., 2000). GFP
projections were measured on at least 20 sections spanning both hindlimb
plexuses for each embryo (Figure S6 and Table S1).
Retrograde Labeling of Motor Neurons
Retrograde labeling of motor neurons using HRP (Roche) or BDA (Invitrogen)
tracer was performed as described (Luria and Laufer, 2007). HRP (Roche)
and BDA (Invitrogen) were used as tracers. Proportions of labeled neurons
within the medial or lateral LMC were pooled across embryos and compared
between genotypes using Fisher’s exact test, two-tailed. Proportions within
genotypes were compared using binomial 99% confidence intervals.
SUPPLEMENTAL DATA
The Supplemental Data include figures and tables and can be found with this
article online at http://www.neuron.org/supplemental/S0896-6273(08)00964-1.
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Note Added in Proof
We have retrogradely labeled motor axon projections in limbs of EphB3–/–
single mutants. We find that 30% of neurons labeled by dorsal limb tracer
injections are medial LMC neurons (significantly different from controls), while
ventral limb tracer injections label 6% lateral LMC (not different from controls;
Table S2). These observations provide further evidence that EphB3 is a major
contributor to the choice of ventral trajectory of LMC axons within the devel-
oping limb.euron 60, 1039–1053, December 26, 2008 ª2008 Elsevier Inc. 1053
